Efficient mixing is one of the key challenges in microfluidics. 1, 2 Given the small size of microfluidic devices, flow patterns are usually laminar thus preventing turbulent mixing. Low Reynolds number mixing is best achieved by creating chaotic flow patterns within the fluid. 2, 3 Earlier mixing studies focused on producing spatially periodic flow profiles in continuous flow systems 4 by patterning the channel walls. More recently droplet-based digital microfluidic systems attracted considerable attention. 5 Mixing within individual droplets has been demonstrated both within continuous flow microchannels 6 and between parallel plates. 7, 8 One disadvantage of the existing schemes is that they require a relatively large amount of space on the microfluidic chip because they rely on chaotic internal flow fields generated by translating the droplet. In this letter, we demonstrate that efficient mixing can also be achieved without translating droplets. We show that electrowetting can be used to trigger self-excited droplet oscillations in analogy to previously reported oscillations of capillary bridges. 9 These oscillations are then shown to induce flow fields which speed up mixing within the droplet for a wide range of viscosities.
Droplets of water-glycerol-NaCl mixtures of variable composition ͑0 -80 % vol glycerol, viscosity =1-65 mPa s, ͓NaCl͔ = 0.01-0.3 M, and density Ϸ 10 3 kg/ m 3 ͒ with a volume of V Ϸ 1-2 L were deposited on Si substrates with a 1 m thick thermally grown SiO x layer. The latter was covered by a monolayer of octadecyltrichlorosilane following a standard recipe 10 to render the surface hydrophobic at zero voltage. In order to both minimize contact angle hysteresis ͑⌬ Ϸ 2°in the present experiments͒ and prevent evaporation, the experiments were carried out in silicone oil environment ͑Wacker AK5; viscosity: oil = 5 mPa s͒. Under these conditions, Young's angle was Y = 155°. By applying an ac voltage U ͑frequency f = 10 kHz; amplitude U rms =0-75 V͒ between the substrate and the droplet via an immersed Pt wire, the contact angle could be reduced to 60°following the well-known electrowetting equation 11 cos ͑U͒ = cos Y + U 2 /U 0 2 . ͑1͒
lo ͒ is the usual electrowetting normalization voltage, 0 is the permittivity of vacuum, d and d are the dielectric constant and the thickness of the insulating layer, respectively, and lo =34 mJ/m 2 is the interfacial tension between the droplet and the ambient oil.
First, we discuss briefly the requirements for achieving self-excited droplet oscillations. Assume that the wire is immersed into the drop at zero voltage at a distance d above the substrate. Upon increasing U, decreases and the droplet becomes progressively flatter. At some point a capillary neck forms between the wire and the drop. When U is increased beyond a certain threshold voltage U T the capillary neck breaks. Provided that the electrical properties of the system are chosen appropriately 12 the drop is completely discharged after breakup. Hence the drop-substrate voltage is zero and switches back to d Ϸ Y , where d is a dynamic contact angle that is somewhat smaller than Y . ͑The voltage applied to the wire is left constant at U = U T .͒ As a result the drop relaxes back towards a spherical cap with = Y until it touches the wire again. At this moment, switches back to ͑U͒ and the cycle starts again: the droplet begins to perform self-excited oscillations between the attached and detached morphologies, as shown in Fig. 1 . Oscillations were extremely stable and persistent for hours with a well defined frequency f that we measured accurately by monitoring the current in the system. f was found to vary between 20 and 100 Hz, depending on the exact drop size and the viscosity.
Whether droplet oscillations occur or not is determined by the values of the two parameters d and U. Two requirements must be met simultaneously in order to observe oscillations. First, the droplet must detach from the wire during spreading. Second, it must touch the wire again during relaxation. Experimentally, we determined the range of stability of the attached and detached morphologies as well as the oscillatory region by varying d and U systematically ͑Fig. 2͒. To model the behavior we have to determine the stability limits of both morphologies. If
with h 0 being the drop height at zero voltage, the detached morphology is obviously unstable and hence the second requirement for oscillations is fulfilled. If we express all lengths in units of V 1/3 this gives rise to a universal horizontal line for fixed Y ͑solid in Fig. 2͒ . To quantify the first requirement, we need a criterion to determine the capillary breakup, i.e., the stability limit of the attached morphology. As long as the diameter of the wire is small compared to the size of the droplet, we can approximate the attached drop by a spherical cap of contact angle ͑U͒ with a small capillary neck of negligible volume on top. Obviously, the capillary neck cannot be stretched to much more than the diameter ⌽ of the wire. Hence, we adopted the criterion
with ⌽ = ⌽ / V 1/3 and k being a number of order 1. 13 h͑͒ = ͑ /3͒ 1/3 ͑1 − cos ͒ / ͑2−3 cos + 3 cos 3 ͒ 1/3 is the voltagedependent normalized height of a spherical cap of contact angle . The curved solid line in Fig. 2 shows a fit ͑k =5͒ to the experimental data based on the independently measured electrowetting curve ͑U͒. Droplet oscillations occur only when both morphologies are unstable, i.e., in the hatched region which is both above the stability limit of the attached morphology and below the stability limit of the detached morphology. The dotted area corresponds to the region of capillary hysteresis where both morphologies are ͑meta͒ stable. In the other regions the drop is either always attached or detached, as indicated in Fig. 2 .
In order to follow mixing during the oscillations, we merged two droplets of the same size ͑one containing fluorescence͒ such that the top of the resulting larger drop was dye stained whereas the bottom remained dark under epifluorescence observation ͓Fig. 3͑a͔͒. Once the droplets were merged, the wire was immersed and the voltage was switched on, with d and U previously chosen within the oscillatory region. Side view video snapshots were recorded with a charge coupled device ͑CCD͒ camera equipped with a 5ϫ long working distance microscope objective that was synchronized with the oscillations such that the droplets were always imaged in the same phase of the oscillation cycle. Figure 3 shows the redistribution of the dye within the droplet during the oscillations. The initial dye stained volume is stretched and folded several times giving rise to striation layers of decreasing width, as previously observed in other microfluidic mixing experiments. 4, 6 Eventually diffusion blurs the boundaries of the striation layers and gives rise to a homogeneous dye distribution. For pure water, the striation patterns are usually nicely symmetric and the droplets are completely mixed within a few seconds. For higher viscosity the overall scenario is the same; however, the appearance of the dye distribution is less symmetric. Sometimes patches of dye stained liquid move through the droplet and take a long time to redistribute homogeneously. In order to quantify the state of mixing, we calculated the standard deviation I of the fluorescence intensity within the droplet ͓see dashed line in Fig. 3͑d͔͒ and normalized it such that it decreases from a maximum of 1 in the beginning of the experiment to zero in the final completely mixed state. Figure 4 shows a series of typical decay curves for various viscosities. The curves follow the expected decay as the droplet becomes progressively mixed. ͑The bumps in the higher vis- cosity curves can be traced back to the motion of the just mentioned dye patches.͒ We adopted the criterion that we denote the droplet as mixed when I has dropped to 20% of its initial value, as indicated by the dashed line in Fig. 4 . From the intersection of the data with this line we determine the number of oscillation cycles required to achieve mixing for each viscosity ͑Fig. 5͒. Within the present level of accuracy, the number of oscillation cycles appears to increase linearly with the viscosity. From an applied perspective, it is particularly interesting to know by how much mixing is accelerated. Therefore, we used the same criterion as above to determine the diffusive mixing time diff monitoring the fluorescence distribution for a nonoscillating droplet over time. In accordance with the expectations diff Ϸ r 2 / D ͑r being the droplet radius and D the diffusion constant͒ was found to range from 5 to 90 min, depending on the viscosity. Hence, mixing is accelerated by more than two orders of magnitude over the entire range of viscosity.
A detailed understanding of mixing during droplet oscillations requires knowledge of the time-dependent flow fields, which is beyond the scope of the present letter.
14 Nevertheless, the evolution of the drop shape indicates some characteristics of the flow: as the drop evolves from the high contact angle state to the low contact angle state in Fig. 1 , there is a net displacement of liquid from the central upper part of the droplet to the lower outer parts, as indicated by the arrows. In an ideal Stokes flow this motion would be perfectly reversed as the drop evolves back to the high contact angle state. Obviously, this is not the case. One origin of symmetry breaking is that the contact angle is low in the spreading and high in the receding phase. 12 Furthermore, high speed movies of oscillating drops show that for low viscosities higher oscillation modes are excited, which contribute further to the asymmetry between the spreading and the receding phase. From the distribution of dye in Fig. 3 , we conclude that the downward and outward transport of material during spreading is only partially reversed during the receding motion. As the incomplete reversibility is accumulated over many cycles, the initial dye distribution gets progressively stretched and eventually folded into the observed pattern.
According to standard chaotic advection, the mixing time should increase logarithmically with the Péclet number Pe= fr 2 / D, 2, 6 which characterizes the relative importance of convective and diffusive transport. This would suggest a logarithmic dependence of the mixing time on the viscosity ͑ ϰ D −1 ͒ instead of the observed linear one in Fig. 5 . This deviation is probably related to the fact that changes in the viscosity do not only change Pe but also affect the entire oscillation dynamics and thereby the internal flow patterns. The presence and the absence of higher droplet oscillation modes at low and high viscosities, respectively, are in line with a stronger-than-logarithmic viscosity dependence. More detailed experiments to reveal the flow fields are currently in progress. 
